Abstract We propose and demonstrate a laser frequency stabilization scheme which generates a dispersionlike tunable Doppler-free dichroic lock (TDFDL) signal.
Introduction
Laser frequency stabilization is an essential requirement for various applications including atom cooling [1] , high resolution spectroscopy [2] , precision measurements [3] etc. A setup for laser cooling and trapping of atoms requires several lasers which are actively frequency stabilized and locked at few line-widths detuned from the peak of atomic absorption. In the laser cooling experiments, the active frequency stabilization is achieved by generating a reference signal which is based on absorption profile of atom around the resonance. The reference locking signal can be either Doppler-broadened with wide tuning range or Doppler-free with comparatively much steeper slope but with limited tuning range. The most commonly used technique for frequency locking involves locking to the side of the Doppler free peak generated from the saturated absorption spectroscopy (SAS) [4, 5] . The locking of the laser frequency to the peak of an atomic reference signal such as in frequency modulated spectroscopy (FMS) [6] provides high signal to noise ratio (SNR) but needs dithering of laser frequency and a phase sensitive detection system. A suit- be generated using polarizing spectroscopy (PS) [7] [8] [9] [10] [11] without frequency modulation and phase sensitive detection. Along with these techniques, there are also methods for laser frequency stabilization which employ PS with external magnetic field [12, 13] . However, the techniques involving polarization spectroscopy are sensitive to the surrounding stray magnetic field [14] . An alternative technique which can generate narrow dispersion like reference signal exploits circular dichroism of an atomic vapour in the presence of a magnetic field. In this technique, the difference of Zeeman shifted saturated absorption signals generate the Doppler free dichroic lock (DFDL)signal [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . This technique requires only low magnetic field for its operation and is less sensitive to the surrounding stray magnetic field. However, the tuning range of this technique is limited to few natural linewidths of the transition. The tuning range can be increased by electronically adding an offset voltage to the signal or by optically changing the quarter wave plate axis relative to the polarisation beam splitter axis [16] .
The locking range can also be extended by either using Doppler-broadened version of this technique known as dichroic atomic vapor laser lock (DAVLL) [25] [26] [27] [28] signal or by locking at positive as well as negative slopes of DFDL signal [16] . Another method involves increasing the magnetic field [29] 
Theoretical analysis
We adopt a simple two-level system involving hyperfine energy levels to explain the generation of TDFDL signal.
A linearly polarized weak probe beam is overlapped by a counter-propagating strong pump beam in an atomic vapor cell placed in a weak magnetic field. The propagation of the probe beam is along the axis of magnetic field. The linearly polarized light can be resolved into two counter-rotating circular components σ ± using quarter wave plate and polarizing beam splitter. In the absence of magnetic field (B=0), different m F states are degenerate and hence, σ + and σ − transitions overlap. 
Using equation (1) and (2), the relation between the
Again using equation (1) and (2), the difference between the pump and the probe beam detunings is given by,
Using equation (3) and (4), resonance condition for σ ± probe beam in presence of counter propagating pump beam and applied magnetic field can be written as
Therefore, the probe absorption signal will depend upon the difference between the pump and the probe beams detunings and the applied magnetic field.
In the case of simple model, F = 0 → F = 1, the absorption cross-section for σ ± probe beam for an atom with velocity component v z is given as [4] 
where ρ 0 is maximum absorption cross section at ∆ Therefore, population in the lower level after pump has caused excitation from lower level is given by
where Γ is a natural line width for F = 0 → F = 1 transition, g 1 and g 2 are coefficients representing the depth of dips burnt in the distribution by the pump beam and depends on the pump beam intensity used. For our calculations, we have assumed g = g 1 = g 2 . The population in the ground state with velocity range v z and v z + dv z from where probe makes absorption transition is given
where v p is most probable velocity and C is a constant depending on number of atoms in gas, density etc..
The absorption coefficient for a weak probe laser beam in presence of the pump beam is given by
The integration in (9) can be performed over velocity and assuming the Doppler width, ∆ D >> Γ (where
For low optical density of the sample, the TDFDL signal (represented by DS) can be calculated to be
Using equation (7), (8) and (9), the TDFDL signal is
where
A tunable Doppler-free dichroic lock for laser frequency stabilization fig. 3(b) . Slope starts to decrease with further increase of the magnetic field due to increased separation between σ + and σ − probe laser beam signals.
Experimental setup
The TDFDL experimental setup is shown in Fig. 4 . The External cavity diode laser (ECDL) (DL100, Toptica) system operating at 780 nm is used in our experiments.
A combination of half wave plate and polarizing beam splitter (PBS) is used to suitably divide laser output beam for its use in TDFDL setup, a reference SAS setup and a magneto-optical trap (MOT) setup.
In TDFDL setup, laser light is split in two parts namely Two detectors (PD-1 and PD-2) monitor the absorption of light which has driven σ+ and σ− transitions.
( Fig. 5(a) ), there is no spectral shift in the TDFDL signal when AOM-1 and AOM-2 operate at the same frequency. This is because, the pump and the probe laser Here, we note that the relative difference in the detuning of the pump and the probe beams can also be introduced using two different lasers as reported in ref. [11] . However, in that case the locking performance of one laser may influence the frequency stabilization of the other laser. We note that the tuning of laser frequency using a DFDL setup can also be achieved by changing the fre- quency of final laser beam using AOMs. But this will be an inefficient method due to loss of power through AOMs used in the final beam.
Dependence of TDFDL spectra on magnetic field strength and pump beam power
This TDFDL signal is utilized to lock the laser frequency at zero-crossing point of the signal. The lock stability of laser is dependent on peak to peak amplitude and slope of the TDFDL signal at the zero crossing position.
Therefore, dependence of peak to peak amplitude and slope of the signal on magnetic field strength and the pump beam power is important for the cooling transition F = 2 → F = 3 transition of 87 Rb atoms. intensity and detuning used [29] . The result is in good agreement with the earlier work [31, 32] . 
